The hydrophilic fi lms based on starch and carboxymethyl starch (CMS) were obtained using cast method. The effect of CMS content on the physicochemical properties of prepared fi lms were evaluated. With increasing content of starch derivative the moisture absorption, solubility in water as well as swelling ratio increased. The highest values of mechanical parameters (tensile strength and Young's modulus) were determined for the starch/CMS fi lm containing the lowest CMS amount, i.e. 10 wt.% (1.1 MPa, 15 MPa, respectively). For the same system the lowest moisture absorption, solubility in water as well as swelling ratio were reported. Thus, it could be concluded that for this system the highest crosslinking density has been achieved, what was confi rmed by DMTA results. Such a fi lm could potentially fi nd application in food or agricultural industry.
INTRODUCTION
Starch is a biorenewable, inexpensive and abundant polymer of signifi cant importance in food, paper and textile industry. Preparing starch fi lms requires using plasticizer (mainly multihydroxylic alcohols, e.g. glycerol) to overcome the brittleness of polysaccharide fi lms 1 . Blending starch with other biopolymer allows to obtain materials with new properties, maintaining the biodegradability. The addition of starch derivative, i.e. carboxymethyl starch (CMS) would allow to prepare novel material with modifi ed hydrophobicity, which could be benefi cial for e.g. agricultural purposes. Moreover, biodegradable and edible fi lms are desirable for active food packaging fi lms 2 as well as a drug carrier in pharmacy 3 . There are known starch-based fi lms with carboxymethyl cellulose (CMC) 3, 4 , or carboxymethyl chitosan (CMCh) 2, 5 . Blending rice starch with the latter resulted in obtaining fi lms with increased both hydrophilicity and mechanical properties 3 . Carboxymethyl starch is prepared by the so-called Williamson process consisting in introducing ionic substituents into the structure of starch through reaction with monochloroacetic acid or monochloroacetic acid sodium salt 6 . Unlike unmodifi ed starch -CMS is soluble in cold water, and does not exhibit the tendency to retrogradation (recristallization). Moreover, its good freeze-thaw characteristics indicates stability during storage at low temperature 7 . The properties of carboxymethylated derivative depend greatly on its degree of substitution (DS), which is the average number of hydroxyl groups substituted in recurrent polysaccharide unit.
CMS has been reported as a fi lm forming polymer 8 . Blended with CMC could be used as a carrier for pressure sensitive additives
9
. However, the study on preparing and determining the properties of starch/CMS fi lms has not been reported so far.
In this paper the fi lms based on starch/carboxymethyl starch polymers (using glycerol and citric acid as plasticizer and crosslinking agent, respectively) have been prepared. Citric acid (CA), an organic acid widely existing in citrus fruits, was applied as containing three carboxyl and one hydroxyl group could interact with OH and carboxymethyl groups of starch and CMS, respectively.
Moreover, formed bonds could prevent starch from recrystallization and retrogradation
4
. The effect of high substituted CMS content (DS 0.8) on the physicochemical properties (solubility in water, swelling ratio, moisture absorption, as well as thermal and mechanical properties) of prepared fi lm has been determined.
EXPERIMENTAL

Materials
Potato starch was purchased from Nowamyl S.A. Nowogard (Poland). Monochloroacetic acid (MCA, a.g.; Chempur, Poland) was used as an etherifying agent, whereas isopropanol (pure; Chempur) was used as a reaction medium. Sodium hydroxide (microgranules), acetic acid, and copper sulfate penthahydrate were the products of Chempur, murexide and ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA) of Sigma-Aldrich (Germany). Glycerol (technical pure) and citric acid monohydrate (CA, analytically pure) were purchased from Chempur (Poland).
Preparation of CMS with high degree of substitution
Modifi cation of potato starch was carried out in a batch reactor equipped with a mechanical stirrer, a thermocouple, and a capillary tube supplying nitrogen to the reaction system. Starch (13.6-14 wt.% moisture) was etherifi ed in isopropanol/water in a one-step process. In the batch reactor, MCA was dissolved in isopropanol, and then aqueous solution of NaOH was added (the molar ratio of MCA/polysaccharide recurrent unit was 2, whereas NaOH/MCA 2.2). When the mixture became white and homogeneous, starch and remaining NaOH were introduced. Obtained product was fi ltered, neutralized with glacial acetic acid, washed fi ve times in 80 wt.% methanol aqueous solution, and then washed once again in methanol and dried in the air.
METHODS
Determining the degree of substitution
Degree of substitution was determined according to the method described in other work 10 . The CMS sample was moisturized by 1 mL of ethanol and dissolved in 50 mL of distilled water. Subsequently, buffer was added (NH 4 Cl aqueous solution, 20 mL), neutral pH was adjusted, and then the whole mixture was poured into a measuring fl ask (250 mL) with 50 mL CuSO 4 solution. After 15 min, the measuring fl ask was fi lled up with water and the whole content was fi ltered. Filtrate was titrated with EDTA solution using murexide as an indicator.
Preparation of S/CMS fi lms
Into 50 mL of distilled water 0.5 g potato starch (S), glycerol and citric acid was added and heated for 30 min at 90 o C while stirring. After cooling, 50 mL of CMS (DS 0.8) solution was added to give 10, 30, 50, 70 or 90 wt.% CMS (basing on dry polysaccharide mixture) in the fi nal system. In the fi lms symbols: S/CMS_10 the number is the percentage of CMS in the S/CMC dry mixture. Subsequently, the mixture was mixed gently (to remove air bubbles) to homogenization and poured into PTFE mold and dried for 48 hours at 60 o C. Obtained fi lm (thickness 200-300 mm) was peeled off and used for further tests.
Fourier transform infrared spectroscopy (FTIR)
The FTIR analyses of the fi lms were performed in Nexus FTIR Spectrometer Thermo Nicolet with Golden Gate ATR attachment. The resulting spectra were converted using the software OMNIC. Before measurement, starch fi lm was immersed in distilled water for 24 h at room temperature to remove residual CA and dried at 50 o C 11 .
Moisture absorption
For each fi lm three squares (1.5 cm x 1.5 cm) were prepared and placed for two weeks in desiccator to dry. Dry samples were weighted and subsequently transferred to a climatic chamber (55 ±2% humidity, 25 ±2 o C). The weight of tested samples was controlled 3, 5, 7, 24, 48 and 72 hours after placing the samples in a climate chamber. Moisture absorption was calculated using equation 
Swelling ratio
The swelling ratio was determined according to the method reported by Suriyatem et al. 5 with slight modifi cations. For each fi lm three squares (1.5 cm x 1.5 cm) were prepared and placed for two weeks in desiccator to dry. Dry samples were weighed (M 1 ) and subsequently transferred to test tubes fi lled with 50 mL distilled water. After 24 h immersion the samples were removed from the water, wiped with absorbing paper from the excess water on the fi lm surface and weighted (M 2 ). The swelling ratio was calculated using equation:
Solubility in water
For each fi lm three squares (1.5 cm x 1.5 cm) were prepared and placed for two weeks in desiccator to dry. Dry samples were weighed and subsequently transferred to test tubes fi lled with 50 mL distilled water. 
Mechanical properties
The mechanical properties of S/CMS fi lms were determined using a tensile tester (Instron 4026, Instron Corporation) equipped with 1 kN load cell. The specimens (10 mm x 100 mm strips) were conditioned at RH = 55% for 24 h. The initial grip separation and cross-head speed were 50 mm and 1 mm/min, respectively. The true strain e was determined by  = ln(L/L 0 ), where L and L 0 were the length during the test and the length at zero time, respectively. The true stress  was calculated by  = F/S, where F was the applied load and S the cross--section area. As S was determined assuming that the total volume remained constant, so S = S 0 L 0 /L, where S 0 was the initial cross-sectional area. The stress-strain curves were plotted and the tensile strength as well as Young modulus were determined from the slope of the strain region in the vicinity of  =  = 0 ([d/d] 0 ) 13 . The mechanical tensile data were averaged over ten specimens.
Dynamic mechanical thermal analysis (DMTA)
The DMTA analyses of the CMS fi lms were determined using DMTA Q800 (TA Instruments). Measurements were performed using powder testing adaptor, at heating rate of 3 o C/min from -70 to 170°C, frequency 1 Hz.
RESULTS AND DISCUSSION
Fourier transform infrared spectroscopy (FTIR)
In Fig. 1 the FTIR spectra of citric acid, carboxymethyl starch, native starch, and CMS-based fi lm were presented (for the sake of clarity the spectra of one fi lm only was shown). The S/CMS fi lm was washed to remove residual citric acid before testing 11 . In case of native starch and CMS the absorption band between 3600-3000 cm -1 and at 2900 cm -1 could be attributed to hydroxyl groups and to CH 2 stretching vibrations, respectively 14 . The special pattern, typical for native starch, in the region of 970 cm -1 and 1200 cm -1 is preserved in CMS as well as S/CMS samples. Protonated carboxylic groups (CA) give a C-O band at about 1700 cm -1 6 . The unmodifi ed CMS carboxylate (-COO-) gives strong absorption band at about 1600 cm -1 (intensity of this band strongly relates to high DS value), 1440 and 1325 cm -1 15 . For S/CMS fi lm the absorption band of carbonyl group was observed at 1715 cm -1 which is the confi rmation of chemical linkages between starch and citric acid (crosslinking agent) via ester bonds.
Moisture absorption
In Fig. 2 the moisture absorption of polysaccharide--based fi lms containing various CMS amount was presented. During storage at RH 55% the water absorption gradually increased and even after 120 h (5 days) tended to gain moisture (only the system with the lowest CMS content tended to balance after ca. 48 h). Generally, the higher carboxymethyl derivative content the higher moisture absorption noted (up to ca. 18% after 120 h for S/CMS_90 system). It is the result of higher hydrophilic character of CMS when compared to starch. An effect of carboxymethyl starch presence in the starch-based fi lms differed substantially from the carboxymethyl cellulose one; the latter exhibited reduced moisture absorption value with CMC content in the system 4 . Although CMC is hydrophilic material as well, its hydrophilicity is lower than starch and signifi cantly lower than CMS. Moreover, CMC partially maintained the fabric form of cellulose, whereas highly substituted CMS exhibits amorphous character
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.
Solubility in water and swelling ratio
The solubility in water and swelling ratio of S/CMS fi lms as a function of CMS content were shown in Fig. 3 . The samples maintained their integrity, i.e., they did not dissolve or break apart during the tests. This indirectly indicates successful crosslinking taking account that CMS is soluble in cold water. It is worth to admit that all the samples after measurement visually signifi cantly gained their volume.
Swelling ratio refers to the water retaining capacity and depends on the presence of hydrophilic groups, free . The swelling ratio increased signifi cantly with CMS content up to 50 wt. % (from ca. 180% to ca. 460% for starch-based fi lm and this with 50 wt.% CMS, respectively) - Fig. 3A . In case of the systems with higher CMS content the swelling values were similar, no higher CMS amount effect was noted, revealing that the steric repulsion could result in lower crosslinking effi ciency when compared to those with lower CMS addition. Moreover, for the system with the lowest starch derivative amount a slight drop of this parameter was noted. It could suggest that starch derivative was washed out from the system. However, further tests revealed that this system exhibited the lowest solubility in water - Fig. 3B . Thus, it could be concluded that for S/CMS_10 the highest crosslinking density has been achieved.
Generally, with increasing CMS content the fi lms exhibited solubility increase, from ca. 29% up to ca. 35% for elongation at break of S/CMS fi lms were higher than for starch-based fi lm, except for the system with 10 wt. % where the value was similar to the system without CMS. That could suggest that for S/CMS_10 the best compatibility between components has been achieved (interpenetrated polymer network). Moreover, is could be noticed that native starch-based fi lms exhibited better mechanical properties than its carboxymethylated derivative-based one, which could be a result of e.g. CMS molecular weight reduction resulting in higher chain mobility 18 and subsequently leading to elongation at break increase (from ca. 40 to ca. 140% for the systems containing 10 wt.% and 90 wt.% CMS, respectively).
Similar results were reported for corn starch fi lms with CMC from papaya peel where tensile strength decreased from ca. 31 MPa to ca. 14 MPa for starch fi lm only and the system with 25% CMC content, respectively 19 . On the other side, Ghanbarzadeh et al. 4 reported that the addition of carboxymethyl cellulose into starch matrix resulted in increase of tensile strength, however the CMC chains were longer than starch (as well as CMS), hence exhibited higher tensile strength than starch matrix 3 . For rice starch fi lms with carboxymethyl chitosan the mechanical properties strongly depended on CMSCh content. For the system containing up to ca. 30% w/w CMSCh the tensile strength value was similar to starch based fi lm. Introducing higher amount of carboxymethylated derivative resulted in noticeable increase of tensile strength 5 .
Dynamic mechanical thermal analysis (DMTA)
The evaluation of the loss factor (tan d) as a function of temperature for S/CMS fi lms was shown in Fig. 5 . The loss factor is sensitive to molecular motion and its peak relates to the glass transition temperature
8
. All the curves of S/CMS systems revealed two transitions indicating phase separation. Generally, with CMS content increase the temperature values of both transitions shifted toward lower values, however signifi cant drop was noted for the systems with 50 wt.% and more CMS -Tab. 1. For S/ CMS_10 system the phase separation was not so clear as for the other ones, suggesting the best homogeneity. The decrease of T g with CMS content increase could be the result of lower crosslinking density, as with higher CMS amount steric repulsion interactions gain intensity, as well as higher movability of the molecules
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. the systems with 10% and 90% CMS, respectively. Such an effect was a result of stronger hydrophilic character of starch derivative than native starch, what correlates with the moisture absorption results. Moreover, in case of the systems with higher CMS content the steric repulsion could result in lower crosslinking effi ciency when compared to those with lower CMS amount.
For the sorghum starch fi lms with CMC the solubility tendency was completely different, i.e. TSM decreased with CMS content 17 . However, it was related to the fibrous character of CMC creating a winding road effect for the water molecules.
Mechanical properties
The mechanical properties of S/CMS fi lms were characterized by tensile measurements at room temperature. The dependence of tensile strength, Young's modulus as well as elongation at break on CMS content was presented in Fig. 4 . Generally, the Young's modulus (from ca. 14 MPa to ca. 0.4 MPa for 10 wt.% and 90 wt.% CMS, respectively) and tensile strength (from ca. 1.1 MPa to 0.2 MPa for 10 wt.% and 90 wt.% CMS, respectively) decreased with CMS content in the polysaccharide-based fi lms. However interestingly, the systems containing the lowest CMS content exhibited slightly higher values of these parameters than starch-based fi lm. Similarly, the 
CONCLUSIONS
The hydrophilic fi lms based on starch and carboxymethyl starch were obtained using cast method. The FTIR spectra revealed that crosslinking via ester bridges with citric acid occurred. The effect of CMS content on physicochemical properties of prepared fi lms were evaluated. With increasing the starch derivative content the moisture absorption increased up to 18%, and even after 120 h (5 days) the systems with more than 10 wt.% CMS continued to absorb moisture. The solubility in water as well as swelling ratio importantly depended on CMS content, and generally, the value of both parameters increased with CMS amount in the system. The lowest values were noted for S/CMS_10 (ca. 28% and 125%, respectively), the highest for S/CMS_90 (ca. 35% and 480%, respectively). The mechanical tests revealed that with CMS amount in the system the highest tensile strength and Young's modulus decreased (to ca. 0.2 MPa and ca. 0.4 MPa, respectively for S/CMS_90) whereas elongation at break increased (up to ca. 160%, for the same fi lm). Interestingly, the highest values of mechanical parameters (tensile strength and Young's modulus) were determined for S/CMS_10 fi lm (ca. 1.1 MPa, ca. 15 MPa, respectively). Thus, it could be suggested that the system with the lowest CMS content exhibited the highest crosslinking density, what was confi rmed by the DMTA results. Moreover, the highest homogeneity of this system has been determined as well as signifi cantly higher values of transition temperatures (ca. Bearing that in mind, it could be concluded that the hydrophilic starch-based fi lms containing 10 wt.% CMS exhibited the most promising physicochemical properties and potentially could fi nd application in food or agricultural industry.
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